We consider conditions for jet break-out through ejecta following mergers of neutron stars. We demonstrate that: (i) break-out requires that the jet energy E j exceeds the ejecta energy E ej by E j ≥ E ej /β 0 , where β 0 = V 0 /c, V 0 is the maximum velocity of the ejecta. If the central engine terminates before the break out, the shock approaches the edge of the ejecta slowly ∝ 1/t; late break out occurs only if at the termination moment the head of the jet was relatively close to the edge. (ii) If there is a substantial delay between the ejecta's and the jet's launching, the requirement on the jet power increases. (iii) The forward shock driven by the jet is mildly strong, with Mach number M ≈ 5/4 (increasing with time delay t d ); (iii) the delay time t d between the ejecta and the jet's launching is important for t d > t 0 = (3/16)cM ej V 0 /L j = 1.01secM ej,−2 L −1 j,51 (β w /0.3), where M ej is ejecta mass, L j is the jet luminosity (isotropic equivalent). For small delays, t 0 is also an estimate of the break-out time.
Introduction
During mergers of neutron stars (NSs, Abbott et al. 2017; Goldstein et al. 2017 ) a dense wind is ejected (e.g., Lazzati et al. 2017; Pozanenko et al. 2018; Gottlieb et al. 2018) . Mass of the wind is ∼ few 10 −2 M and the typical velocity is a fraction of the speed of light (Metzger et al. 2010; Barkov & Baushev 2011; Kasliwal et al. 2017) .
At the same time the tidally stripped material forms an accretion disk feeds the newly formed black hole (BH) with magnetic flux. After sufficient amount of the magnetic flux is accumulated, the Blandford-Znajek mechanism (Blandford & Znajek 1977) leads to jet launching, possibly with considerable delay (Barkov & Pozanenko 2011; Pozanenko et al. 2018) . As a result, the jet has to plow through the expanding ejecta. Depending on the parameters the jet may break out, or "fail" -just dissipate its energy within the ejecta (Duffell et al. 2018) . In this paper we consider the jet dynamics within an expanding ejecta and formulate criteria for the jet break out.
Constant driving
Consider first the case when a light, relativistic, constant power jet is launched into expanding ejecta by the central BH. In the thin shell approximation, when the termination shock in the jet is close to the contact discontinuity between the jet material and the ejecta, the Kompaneets approximation (Kompaneets 1960; Bisnovatyi-Kogan & Silich 1995) is applicable. The Kompaneets approximation assume pressure balance between the jet and the ram pressure of the ejecta.
In the Kompaneets approximation the shock radius R(t) evolves according to where M ej and ρ ej are total mass and density of the eject, V 0 is its terminal velocity of the ejecta, L j is the isotropic equivalent jet power, t d is delay time between the onset of the ejecta and switching on jet. The structure of the ejecta is assumed to be homologous, so that ejecta's energy is E ej = (3/10)M ej V 2 0 .
In Eq. (1) time t = 0 corresponds to the initial explosion. Shifting time to the moment the jet is initiated, we find the evolution equation for the expansion of the jet-driven bubble
For very small delays t d → 0 Eq. (2) simplifies
In this case the break out at R = V 0 t occurs at time and distance
Time t 0 is a typical time of the jet-ejecta interaction.
For finite delay times t d the edge of the ejecta is at R = V 0 (t + t d ) = β 0 c(t + t d ) (time t is counted from the jet's initiation, not from the initial explosion). Thus, the delay between the expulsion of the ejecta and turning-on of the jet is important for t d > t 0 .
At a given moment the shock velocity is
At the location of the shock the upstream velocity is
So that the Mach number is
where the last relation assumes t d = 0. For longer delays the Mach number is larger. Thus, the forward shock is mild regardless of the jet power. (Stronger jets quickly drive the shock further out, where the velocity of the ejecta is larger.)
Let's renormalize time by
and the radius of the jet-blown cavity by the overall radius of the ejecta:
Value ofR corresponds to the relative value of the jet-blown bubble with respect to the overall radius of the ejecta.
In dimensionless unitesR The break out is atR = 1; it occurs at timet br and physical distance R br
At the break out the energy deposited by the jet satisfies
(since we are in a regime β 0 1 we neglect the difference between the emitted and absorbed power). Thus, in order to break out during jet activity even with small delayt d 1, the required total jet energy is fairly large, E j ≈ E ej /β 0 .
Engine's turn-off before break-out
Suppose next that the central engine stops producing a jet before the head of the jet breaks out from the ejecta. At this moment the jet has swept some mass and moment from the ejecta, as well as deposited momentum in the shocked ejecta shell. After the switching-off of the engine the shocked ejecta shell starts to relax as the reverse shock in the jet propagates back to the origin. This takes relatively long time, so for the times scales of interest, few seconds, the system never reaches fully relaxed Sedov stage.
We can then assume that the shell propagates in momentum-conserving (snowplow) state. After the engine stops, the momentum of the swept up shell with mass M s changes due to the swept-up momentum P s :
Eq. (13) becomes
which has a solution R af ter = (t + t d ) 3/4 (C 1 t + C 2 )
where coefficient C 1 and C 2 are integration constants. Converting to dimensionless unitŝ
CoefficientsĈ 1 andĈ 2 in Eq. (16) can be derived from the condition that the radii immediately before the switch-off, Eq. (10) and after, Eq (16), match,Ĉ
Asymptotically,t → ∞, the shell is just advected with the flow, Thus, if the jet did not break out during the active, after the termination of the injection the head of the jet advances (with respect to the ejecta's flow) very slowly ∝t −1 , see Fig. 2 . Particular values of coefficients (17) are not relevant, and highly dependent on the assumed analytical approximations. Yet the functional dependence is important. Realistically, the head of the jet should be relatively close of the edge of the ejecta for the jet to eventually break out.
Conclusion
In this paper we considered conditions for the break-out of the BH-launched jet from the envelope of the ejecta material in neutron star mergers. The direct break out condition (12) requires that the total energy in jet should exceed the energy in the ejecta by at least a factor 1/β 0 ≥ 1. If there is a substantial delay between the ejecta's launch and the formation of the jet, the requirement on the jet's total energy mildly increases. late break outs occur only if the head of the jet relatively close to the edge of the ejecta at the moment when the engine shuts off.
